In this study, poly (1-vinylimidazole)-iron(III) [PVIm-Fe(III)] complex was investigated along with adsorption behavior of bovine serum albumin (BSA). The cross-linked PVIm-Fe(III) was synthesized in supercritical carbon dioxide by using N,N′-methylenebisacrylamide (BIS) as a cross-linker. The obtained products were analyzed using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and X-ray photoelectron spectra (XPS) analysis. The results reveal that iron ion is complexed by coordination with basic (-N) functional groups of 1-vinylimidazole successfully. The effects of the operating pressure, the ratio of iron and cross-linker concentration were investigated. A fine and yellow powder was obtained at high yield and crosslinking degrees at 20 MPa, 70°C. Additionally, the property of PVIm-Fe(III) complexes in terms of BSA adsorption has been studied, and the higher adsorption capacity was 660 mg/g.
Introduction
Over the last several decades, a wide variety of investigations have been focused on polymeric metal complexes. Indeed, many synthetic polymer-metal complexes have been found to exhibit wide applications in wastewater treatment, organic synthesis, catalytic activity, biological applications and adsorption capability (1) (2) (3) (4) (5) . Its synthesis represents an attempt to give an organic polymer inorganic functions. Supramolecular polymers and stimuliresponsive polymers can be obtained by including a metal complex with a polymer backbone (6, 7). 1-Vinylimidazole (VIm) that contain nitrogen as donor atoms were synthesized and used in the complexation of transition metal cations (8) . In a previous work, VIm coordinated with a number of different metal ions, such as Cu(II), Zn(II) and Co(II) (9) (10) (11) , to form polymer-metal complexes, which have been shown to have high catalytic efficiency, biologically activity and adsorption capabilities. Besides, imidazole is one of the most important heterocyclic aromatic compounds and it plays a crucial role in primary biomacromolecules, such as amino acid, nucleic acid and protins, and also in many pharmaceutical compounds (12) . Therefore, a variety of biocompatible metal complex such as Zn, Mg and Fe(II) have been studied extensively.
Meanwhile, bovine serum albumin (BSA) has been proven to have a high homology and a similarity to human serum albumin (HSA) in sequence and conformation (13) . Therefore, studies on adsorption behavior of BSA on absorbents is critical for many analytical and biomedical applications (14) (15) (16) (17) (18) . Transition metals are particularly suitable for this purpose because they can establish new square planar construction between the N-site of BSA in the course of adsorption (19, 20) . Furthermore the reason for using polymer-metal complex as structural scaffolds relates to the kinetic stabilities of their coordination spheres in the biological environment.
However, the synthetic process of polymer-metal complexes need traditional volatile organic solvents, irradiation and an initiator of heavy-metal salts (21, 22) , they may induce environment problems. We developed a green route to prepare the polymer metal complex from the precipitation. The use of supercritical carbon dioxide (scCO 2 ) as an alternative to traditional aqueous and organic solvent is a route to solve the problem. Because it is inexpensive, nontoxic, environmentally friendly, nonflammable, and has moderate critical temperature and pressure (31.1°C and 7.38 MPa) (23, 24) . It also offers the advantage of easy separation of products and resolves problems related to solvent removal (25) . This is a simple and green method for preparing polymeric metal complex.
Previously, our group has prepared a series of polymer-copper complex (8, 26) . In this work, we report the synthesis and characterization of PVIm-Fe(III) in scCO 2 . As a heterogeneous polymerization form in scCO 2 , a fine yellow powder was obtained. The effect of operating conditions on compositions, yields and morphologies was also discussed. In addition, the adsorption behavior of BSA from aqueous solution to cross-linked PVIm-Fe(III) complex was also examined.
Experimental

Materials
The monomer, 1-VIm (99%) was purchased from Acros Organics Reagent Co., Ltd (Geel, Belgium). 2, 2-Azobis (isobutyronitrile) (AIBN) purchased from Shanghai Chemical Agent Fourth Factory (China) was purified by recrystallization. CO 2 ( > 99.9%) was purchased from the Urumqi Gas Factory, China. Iron(III) chloride, N, N-methylenebisacrylamide (BIS) and other chemicals used for the preparation were supplied by Tianjin Chemical Reagent Co. Ltd, Tianjin, China.
Synthesis of cross-linked Fe(III) complex of PVIm
Reactions were carried out according to our previously reported processes (26) . Synthesis of cross-linked PVImFe(III) complexes was carried out in a high-pressure 100 ml stainless steel reactor. A normal reaction procedure was divided into three steps. First, the monomeric metal complex was formed from iron chloride and VIm. A certain amount of iron chloride and VIm were loaded into the autoclave and stirred for 30 min. Second, AIBN and BIS were used as an initiator and cross-linker, respectively, and were added to the autoclave. Pure CO 2 gas was introduced at 0°C after the reactor was sealed, during the charging and discharging process. When the pressure reached the desired value, the autoclave was heated up to 35.0°C and stirred for about 30 min, and then the reactants were gradually dissolved in scCO 2 . Third, the polymerization was carried out at 70°C for 14 h. After the reaction finished, CO 2 was easily released when the autoclave reached room temperature. The products were purified by a high-pressure Soxhlet extractor to remove unreacted regents. Then dry products in a vacuum oven at 60°C for 8 h, yellow powder were obtained. The product yield is defined in Eq. [1] :
where M is the weight of the reagent (g), and M PVIm-Fe(III) is the total obtained product mass after washing. The yield was determined gravimetrically.
Sample characterization
Fourier transform infrared (FTIR) spectroscopy of samples was performed with KBr pellets, using a Bruker/ Equinox 55 FTIR spectrophotometer (Bruker Optics Inc., Germany). Scanning electron microscopy (SEM) images were obtained using an LEO 1430 VP scanning electron microscope (LEO, Germany). The surface area of the synthesized PVIm-Fe(III)complexes were determined by a porosimetry analyzer (JW-BK, JingWeiGaoBo Co., Ltd., Beijing, China) in Brunauer-Emmett-Teller nitrogen adsorption and desorption modes after appropriate degassing and drying of the sample. Atomic absorption spectrophotometry was done using an AAnalyst 300 spectrometer ( PerkinElmer, Inc.). Wide angle X-ray diffraction (XRD) was obtained with a Bruker D8 X (Germany) that foused Cu-Kα X-rays (40 kV, 50 mA) onto the products. The results were obtained in a step of 5° min -1 , the range of scattering angles (2 θ) was from 5° to 80°. X-ray photoelectron spectra (XPS) data were recorded with a Kratos Amicus.
The loading level of Fe(III) in the complexes was examined [the method as per reference (26)] using atomic absorption spectrophotometry (Analyst 300 spectrometer, PerkinElmer, Inc.). A certain amount of complex was placed in a muffle furnace at 700°C, 2 h. Then the polymer-metal complex was decomposed and removed completely, and Fe(III) was converted into the Fe 3 O 4 powder. The powder was dissolved in 5% sulfuric acid solution and the concentration of Fe(III) was analyzed by atomic adsorption spectrophotometry. Thus the loading of Fe(III) is defined in Eq. [2] :
where C Fe(III) was obtained concentration by atomic adsorption spectrophotometry (g ml -1 ), V Fe(III) the volume of combustion product after dilution (ml) and M PVIm-Fe(III) is the weight of the PVIm-Fe(III) complex (g).
Adsorption experiment
Adsorption experiments were carried out by mixing 10 mg of PVIm-Fe(III) complexes with 10 mL of different BSA concentrations in buffer solution (27) . The resulting dispersion solution was continuously shaken with a speed of 250 rpm for 4 h. The supernatant liquid was diluted in a buffer solution and then filtered through a 0.2 μm HT Tuffryn low protein binding membrane filter. The protein concentration after adsorbing was analyzed with a UV spectrophotometer (UV-2450 Shimadzu) at 278 nm. The amount of BSA adsorbed on PVIm-Fe(III) was calculated by the mass balance before and after adsorption. A dynamic adsorption experiment was conducted in a batch at pH = 4.8. The concentrations of sample at different time intervals were analyzed using a Shimadzu UV-2450 spectrophotometer. The adsorption capacity of the polymer is defined in equation [3] :
where Q e is the equilibrium adsorption capacity of the adsorbent (mg g ), respectively, m (g) is the dosage of the adsorbent, and V (ml) is the total volume of the aqueous solution.
Results and discussion
FTIR spectra results of complex
The infrared spectra of cross-linked PVIm (A) and crosslinked PVIm-Fe(III) (B), which was synthesized using scCO 2 , are shown in Figure 1 . As shown in Figure 1 (A) , 1663 cm -1 was ascribed to the stretching vibration of C = O (due to the conjugate action of C = C) and bending vibration of N-H (28) in BIS repeats units. The absorption band at 1512 cm -1 was attributed to the stretching vibration of C = N group in VIm, 664 cm -1 was ascribed to sway vibration of the imidazole ring (29, 30) . The polymer was completely insoluble in water and organic solvent (dimethyl sulfoxide); hence, it may be considered as cross-linked PVIm. In Figure 1 to 1532 cm -1 can be ascribed to presence of covalent bond between iron and the C = N group in VIm. The band shift to higher frequency suggests the nitrogen of the pyridine ring as the coordination site in the Fe(III) complex of PVIm. Meanwhile, the characteristic peaks attributed to the cross-linked structure in PVIm also exist in the FTIR spectra of PVIm-Fe(III), this indicates that the functional monomeric metal complex was successfully cross-linked in PVIm-Fe(III).
XRD analysis
The crystallinity of cross-linked PVIm (A) and cross-linked PVIm-Fe(III) was examined by powder XRD (Figure 2 ). No 
XPS analysis
The specific interaction in polymer blends and complexes was studied by XPS. The XPS observations were carried out for the energy regions of Fe 2p, N 1s. The binding energy of each element was corrected by a C 1s peak (284.8 eV). In Figure 3 , the Fe 2p spectrum displays two main peaks, the doublet 2p 3/2 at 710.5 eV with a weak satellite peak at 718eV and 2p 1/2 at 723.9 eV. The observed peaks indicate that iron is present in the Fe 3+ oxidation state in the synthesized PVImFe(III). According to previous reports (31, 32) iron sulfate binding energy for the Fe 2p 3/2 and Fe 2p 1/2 orbital appears at 710.8 eV and 724.5 eV, respectively. In comparison to values reported in the literature, the synthesized PVImFe(III) show a shift in binding energy of Fe towards a lower value. The decrease of Fe binding energy in PVIm-Fe(III) complex implies that there is a strong coordination interaction between Fe metal species and the polymer ligand. In Figure 4 , for cross-linked PVI, the symmetrical N1s peak can be divided into three component peaks. The peak at 400.8 eV and 398.6 eV is attributed to the nitrogen through which the imidazole ring is attached to the main chain and the other nitrogen in the imidazole ring, respectively (33) . While the peak at 399.8 eV is attributed to the nitrogen in the crosslinker. The changes that appeared at the peaks of the nitrogen in the imidazol ring for PVIm-Fe(III) are ascribed to the formation coordination between nitrogen and iron. Thus, we propose that iron ion is complexed by coordination with functional groups of the imidazole ring. The evidence is in accordance with IR and XRD results as mentioned earlier.
Effect of operating parameters on the composition of the complex
A unique advantage of scCO 2 as a reaction medium is its ability to adjust solvent quality. In precipitation polymerization processes, the density of CO 2 can control the mass transport of reactants and has a strong effect on the morphology and structure of polymer-metal complexes. The effect of operating conditions on the composition of complexes will be discussed in detail in the following sections. The precipitation polymerization of cross-linked PVIm-Fe(III) complexes in scCO 2 were conducted at five pressures (Table 1) . When the reaction pressure was varied from 16 MPa to 26.5 MPa, two unusual trends were observed. First, a distinct trend was found -the yield and the loading of iron ion are decreased under conditions of increased pressure. At a higher pressure, the solubility of monomeric metal complexes may be decreased, which due to the yields of polymer complexes and the amount of loading of iron ion are decreased. Second, there was a dramatic change in the product morphology. Figure 5 shows the effect of pressure on the morphology of the products. At pressures ranging from 16.0 MPa to 22.0 MPa, the dry, fluffy, and yellow powder is obtained. The morphology of the polymer is an aggregate of primary particles, which are about 0.5-0.2 μm in diameter. Whereas those formed at 26.5 MPa, are larger particle aggregates. The effect of the ratio of the iron ion with respect to monomer at constant feed compositions was studied in the range of 1:4-1:8.5. The results were summarized in Table 2 . Fine and yellow powder was obtained at the molar ratio of 1:6.6. Aggregate particles were obtained when it was done at lower monomer concentration. The main reason is that the iron ion is not sufficiently coordinated with functional groups of polymers, and the residual iron ion aggregated and lumped in the final products. While higher monomer concentrations may generate a large number of insoluble monomers in the scCO 2 , the residual monomer will diffuse into product particles and generate the larger particle aggregate (34) . Thus, high or low concentration of monomer results in poor product morphology.
As shown in the Table 3 , precipitation polymerizations were performed at five different initial cross-linkers to monomer ratios [20.2%, 23.1%, 26.2%, 28.1%, and 30.9% (w/w)]. A higher yield of products was obtained in the presence of an appropriate cross-linker ratio (28.1%). When the cross-linker ratio was further increased to 30.9%, the polymer yield decreased dramatically. Meanwhile the mount of loading of iron decreased with degree of crosslinking. The results indicate although a high crosslinker ratio is necessary to synthesize the polymer-metal complex (8) , the ligand chain is thought to be unsuitable to form a stable structure for PVIm-Fe(III) complex, because the conformation of the ligand chain cannot easily be mobilized due to the steric hindrance of the number of crosslinking points. The dilemma could be solved by being copolymerized with micromolecule to improve the flexibility of the polymer chain.
Adsorption capacity for BSA
We have selected the adsorption of BSA in solution as a model reaction in which the PVIm-Fe(III) acts as an absorbent. The batch adsorption process was conducted to optimize the operational parameters affecting BSA adsorption such as initial concentration, contact time and the pH value of solution. 
Effect of initial BSA concentration
To examine the effect of initial BSA concentrations on BSA adsorption on PVIm-Fe(III), we performed experiments with the initial concentration of BSA varying from 0.2 g/l to 1.2 g/l ( Figure 6 ). From this study it was observed that the adsorption capacity of PVIm-Fe(III) increases with an increase in BSA concentration and reaches a saturation level at high concentration. This can be explained as a consequence of BSA at higher concentration, which results in the decrease in reaction sites for adsorption (35) . Figure 7 shows the effect of contact time on the batch adsorption of 1.0 g/l BSA at pH 4.8. It is easily observed that the adsorption capacity of the complex tends to increase with an increase in contact time from 1 to 5 h. A further increase in contact time had a negligible effect on the BSA adsorption. Hence, the time was increased to 5 h, absorption equilibrium can be reached and the adsorption capacity of PVIm-Fe(III) is 660.9 mg/g.
Effect of time
Effect of pH
The pH of adsorption medium is one of the most important controlling parameters in the adsorption process, and hence, the influence of pH on adsorption of BSA onto PVIm-Fe(III) was investigated in the pH range of 3.8-8.6 at the temperature of 26±0.5°C. Figure 8 shows the relation between the pH value in solution and the adsorption capacity of polymers. The maximum adsorption capacity of PVIm and PVIm-Fe(III) is about 280.5 mg/g and 660.9 mg/g, respectively. The adsorption capacities of PVIm-Fe(III) complex were more than twice those of PVIm. These results imply that new square planar construction can be established between the iron of the complex and the N-site of the BSA in the course of composites adsorption. Furthermore, it is that the polymer coordination which exists in the surface of PVIm-Fe(III) improves the complex adsorption capacity. Moreover, PVIm and PVIm-Fe(III) have a common trend.
The adsorption capacity of the complex increases with an increase in pH from 3.8 to 4.8. At pH values of 4.8, the adsorption capacity of PVIm-Fe(III) reaches the maximum level, and thereafter adsorption gradually decreases with increase in the value of pH up to 8.6. The pI of BSA is around 4.8. The isoelectric point is the pH value in solution at which the sum of charges on the protein is zero, while the repulsive force between adsorbed proteins is much more dominant than the electrostatic force between protein and the surface of the adsorbent (27) . BSA has strong affinity for PVIm-Fe(III) via electrostatic bonds so the maximum adsorption capacity can be reached at the pI. Similar behavior was observed in related investigations (36, 37) . The complex of PVIm-Fe(III) exhibits high adsorption capacities in comparison with those polymer materials reported by previous research (35, 38) . This high adsorption capability would contribute to the distinctive future of the large surface of the cross-linked copolymer complex using scCO 2 as a solvent in that all of the active sites were sufficiently located on the surface.
Conclusions
Cross-linked poly (1-vinylimidazole)-iron(III) were prepared through precipitation polymerization in scCO 2 . In this report, no organic solvents or stabilizer were used. Under the optimized conditions, the products are a yellow and insoluble powder. When the ratio of iron ion and the cross-linker concentration related with monomer are 1/6.6 and 26.2%, at 70°C, 22 MPa with a yield of 63.1%, the average surface area is 89.4 m 2 /g, the loading of iron ion is 15.8%. FTIR, XRD, and TGA results show that the PVIm-Fe(III) was successfully synthesized. The complexes, which were used as adsorbents in the adsorption of BSA, have high adsorption capacity. The maximum adsorption capacity of BSA is 660 mg/g in 1.0 mg/l solution at pH 4.8, 5 h. Therefore, the use of PVIm-Fe(III) synthesized in scCO 2 as an adsorbent is effective in terms of BSA adsorption and is promising for applications for protein separation and purification.
